Cowpea mosaic virus (CPMV) replication occurs in close association with small membranous vesicles in the host cell. The CPMV RNA1-encoded 60 kDa nucleotide-binding protein (' 60K ') plays a role in the formation of these vesicles. In this study, five cellular proteins were identified that interacted with different domains of 60K using a yeast two-hybrid search of an Arabidopsis cDNA library. Two of these host proteins (termed VAP27-1 and VAP27-2), with high homology to the VAP33 family of SNARE-like proteins from animals, interacted specifically with the C-terminal domain of 60K and upon transient expression colocalized with 60K in CPMV-infected cowpea protoplasts. eEF1-β, picked up using the central domain of 60K, was also found to colocalize with 60K. The possible role of these host proteins in the viral replicative cycle is discussed.
Introduction
Cowpea mosaic virus (CPMV), the type member of the comoviruses, possesses a bipartite, plus-sense RNA genome and bears strong resemblance to animal picornaviruses both in gene organization and in amino acid sequence of replicative proteins (Argos et al., 1984 ; Franssen et al., 1984) . Translation of both RNAs (designated RNA1 and RNA2) results in formation of large polyproteins from which functional proteins are generated by proteolytic processing by the RNA1-encoded proteinase. RNA1 encodes the viral nonstructural proteins required and sufficient for CPMV replication whereas RNA2 encodes the capsid proteins and the movement protein involved in virus spread. Replication of CPMV is inhibited in protoplasts treated with actinomycin D early in infection, which suggests that viral RNA replication also involves host proteins (Rottier et al., 1979) .
CPMV replication occurs on typical cytoplasmic vesicles that are formed during CPMV infection (De Zoeten et al., 1974) . Based on the observation that CPMV infection is accompanied by an extensive proliferation of the endoplasmic reticulum (ER) it was proposed that the vesicles originate from Author for correspondence : Joan Wellink.
Fax j31 31 7483584. e-mail joan.wellink!mac.mb.wau.nl † Present address : VU University Medical Center, Department of Medical Oncology, Division of Gene Therapy, Amsterdam, The Netherlands the ER (Carette et al., 2000) . The RNA1-encoded 60 kDa protein (' 60K ') induces the formation of similar vesicles when expressed separately from other CPMV proteins in insect cells, suggesting that 60K is involved in the membrane rearrangements that occur during CPMV infection (van Bokhoven et al., 1992) . Expression in human or yeast cells of polioviral 2BC, which has amino acid homology to 60K, also induces characteristic membrane rearrangements (Barco & Carrasco, 1995 ; Cho et al., 1994) . The 60K protein contains a Walker nucleotide-binding domain (NTBM) reminiscent of helicases (Gorbalenya et al., 1990) . Mutations in the NTBM reduced the ability of 60K to bind ATP in vitro and, when introduced in an infectious clone, abolished RNA replication (Peters et al., 1994) . In addition, 60K may play a role in the initiation of replication acting as the precursor protein for a small protein, denoted VPg, which is covalently attached to the 5h-terminal pU of each viral RNA molecule. For poliovirus, the generation of uridylylated VPg species [VPg-pU, VPgpUpU and VPg-poly(U)] has been demonstrated in vitro in a membrane fraction of infected cells (Takegami et al., 1983) and in a cell-free system consisting of synthetic VPg, purified 3Dpol, UTP and poly(A) template (Paul et al., 1998) , which strongly suggests that uridylylated VPg acts as primer for RNA transcription.
To identify host proteins which might assist 60K in inducing the membranous vesicles or play a role in early steps of RNA replication, a yeast two-hybrid screen was performed using different domains of the 60K protein as bait. Initial characterization of the potential interactors was performed by immunolocalization studies in CPMV-infected protoplasts transiently expressing the interactors.
Methods

Plasmid construction
(i) Two-hybrid constructs. The cDNAs encoding full-length 60K or parts of 60K (Fig. 1B) were amplified by PCR using gene-specific primers containing EcoRI and BamHI restriction sites. The PCR product was digested with EcoRI and BamHI and ligated into pGBT9 (Clontech) or pODB8 (Louvet et al., 1997) digested with the same enzymes. Plasmid pGBT9 contains a truncated ADH1 promoter leading to low levels of fusion protein expression whereas pODB8 contains the fulllength ADH1 promoter leading to high levels of fusion protein expression. The Arabidopsis thaliana cDNA library was cloned in the pGAD10 (Clontech) vector.
(ii) Plant expression constructs. The constructs used to transiently express the interactor proteins were based on pMON999, which contains a CaMV 35S promotor and a nopaline synthase terminator (van Fig. 1 . Schematic diagram of CPMV RNA1, the different domains present in 60K and the bait constructs used to screen an Arabidopsis cDNA library. (A) Open reading frames in CPMV RNA1 (open bars), VPg (black square) and nucleotide positions of start and stop codons are indicated. Abbreviations : pro, proteinase ; co-pro, cofactor for proteinase ; NTB, nucleotide-binding protein ; pol, core RNA-dependent RNA polymerase. CPMV 60K contains a predicted amphipathic helix (amph ; aa 45-61), a nucleotide-binding domain (NTBM ; aa 168-219) and a transmembrane domain (transm ; aa 544-565). (B) Summary of the number of cDNAs screened and the number of positive colonies using the bait proteins that contain different domains of 60K. * The results in parentheses were obtained with the pODB8 vector instead of the pGBT9 vector that was used for most screens (see Methods). Bokhoven et al., 1993) . Construction of pMON-HA, which contains a start codon followed by the coding sequence of the HA epitope tag (YPYDVPDYA) and a multiple cloning site, has been described previously (Van Der Heijden et al., 2001) . The cDNAs of the positive clones were excised from the pGAD10 vector using EcoRI and ligated in the EcoRI site of pMON-HA to allow expression of the interactors tagged with HA at the N terminus. pMON-GFP* was constructed by amplification of the GFP5 coding region (Haseloff et al., 1997) without the stop codon from pM19GFP10 (Gopinath et al., 2000) using genespecific primers containing XbaI and EcoRI restriction sites and ligation in pMON999. To allow expression of the interactors with GFP fused to the N terminus, the cDNAs of the positive clones were excised from the pGAD10 vector using EcoRI and ligated in the EcoRI site of pMON-GFP*. The coding region of full-length eEF1-β was PCR-amplified from the Arabidopsis cDNA library used for the two-hybrid screen with gene-specific primers that introduce an EcoRI site at the 5h end and a BamHI site at the 3h end and ligated in pMON-HA and pMON-GFP*. The coding region of full-length ThAPX was PCR-amplified from the Arabidopsis cDNA library used for the two-hybrid screen with gene-specific primers that introduce an XbaI site at the 5h end and the HA tag and BamHI site at the 3h end. This PCR fragment was digested with XbaI and BamHI and ligated in pMON999 digested with the same IIG Host proteins interacting with CPMV 60K Host proteins interacting with CPMV 60K enzymes to allow expression of ThAPX with the HA tag fused to the C terminus. pMON-GFP was constructed by amplification of the GFP coding region including the stop codon from pM19GFP10 (Gopinath et al., 2000) using gene-specific primers containing EcoRI restriction sites and BamHI. Full-length ThAPX was PCR-amplified from the Arabidopsis cDNA library used for the two-hybrid screen with genespecific primers that introduce an XbaI site at the 5h end and the EcoRI site at the 3h end. Ligation in pMON-GFP allowed expression of ThAPX fused at the C terminus with GFP.
Yeast two-hybrid screening. In initial experiments, yeast strain HF7c was sequentially transformed with pGBT9-60KC and with an Arabidopsis thaliana cDNA library in the vector pGAD10 (Clontech). This library was constructed using 3-week-old green vegetative tissue of cv. Columbia and contains 3 million independent cDNAs. Colonies were selected on agar plates lacking histidine, tryptophan and leucine over a 7 day period. Positive yeast transformants were picked up and replated for β-galactosidase (β-Gal) assay by a colony-lift filter procedure. A positive interaction was determined by the appearance of blue colonies and the plasmid was isolated and analysed by nucleotide sequencing. In subsequent experiments, yeast strain PJ69-4A (James et al., 1996) was sequentially transformed with bait constructs containing full-length 60K or domains of 60K and with the Arabidopsis thaliana cDNA library. Plasmids were isolated from Ade + and Gal + colonies and were characterized by DNA sequencing. The plasmids containing a reading frame in-frame with the Gal4 activation domain were retransformed with or without the bait plasmid into yeast strain PJ69-4A, followed by testing for adenine prototrophy. Plasmid clones that grew on medium lacking adenine only in the presence of the bait plasmid were chosen and transformed in yeast strain SFY526 for liquid β-Gal assays. All β-Gal assays were performed according to the protocols described in the Clontech Matchmaker manual. Briefly, overnight cultures grown in selective medium were diluted five times and grown to an OD '!! of 0n5-0n8. Cells were pelleted by centrifugation, resuspended in Z buffer [60 mM Na # HPO % , 40 mM NaH # PO % , 10 mM KCl, 1 mM MgSO % , 50 mM β-mercaptoethanol (pH 7n0)] and subjected to three freeze-thaw cycles using liquid nitrogen. After addition of o-nitrophenyl β--galactopyranoside (ONPG) to a concentration of 0n7 mg\ml, the reaction mixture was incubated at 30 mC until a yellow colour developed. The reaction was stopped by addition of Na # CO $ , and the cells were pelleted by centrifugation. The A %#! of the supernatant was measured, and β-galactosidase activity units were calculated as described previously (Miller, 1972) . Nucleotide and predicted amino acid sequences were compared by  analysis with sequences deposited in GenBank.
Transfection of cowpea protoplasts and immunofluorescent labelling. Cowpea (Vigna unguiculata L.) mesophyll protoplasts were prepared and transfected by polyethylene glycolmediated transformation as described previously (van Bokhoven et al., 1993) .
Immunofluorescence labelling was performed essentially as described previously (Carette et al., 2000) . Briefly, protoplasts were harvested at 40 h post-transfection and fixed with 4 % paraformaldehyde and 0n1% glutaraldehyde. After permeabilization with 0n5 % Triton X-100, nonspecific antibody binding was reduced by incubation with 5 % BSA. Subsequently, the protoplasts were incubated for 1 h with dilutions of the primary anti-VPg (Eggen et al., 1988) rabbit serum and mouse monoclonal anti-HA (Boehringer) antibodies, followed by incubation with goat antirabbit antibodies conjugated to Cy3 (Sigma) and donkey anti-mouse conjugated to fluorescein isothiocyanate (Sigma) for another hour. After two washes with PBS the cells were mounted with coverslides using Citifluor.
Fluorescence microscopy. A Zeiss LSM 510 confocal microscope was used to obtain images. Images shown are single optical sections made at 1 µm intervals. Fluorescein and GFP fluorescence were observed using standard settings (excitation wavelength 488 nm, emission band pass filter 505-550 nm). Cy3 fluorescence was detected using the settings : excitation wavelength 543 nm, emission band pass filter 560-615 nm. In dual localization experiments, both fluorophores were scanned independently to reduce the possibility of crossover between the channels. Furthermore, single immunodetection controls verified the absence of fluorescence crossover.
Results
Identification of 60K-binding proteins using the yeast two-hybrid system
The CPMV 60K protein was used as bait in a yeast twohybrid screen to identify interacting proteins encoded by a cDNA library derived from Arabidopsis thaliana. Although this is not a natural host plant of CPMV, protoplasts can be infected with the virus (Wellink et al., 1993) . As well as with full-length 60K, screens were performed with four different domains of 60K (Fig. 1B) . 60KN comprises the N-terminal half of 60K and contains a predicted amphipathic helix and the NTBM. 60KC comprises the C-terminal half of 60K and contains a transmembrane domain and VPg, whereas ∆60K contains the central domain of 60K excluding the membranebinding domains. Furthermore, screens were performed with the 28 amino acid VPg as a bait.
In an initial screen with 60KC, interaction was monitored in yeast strain HF7c by histidine prototrophic growth and β-Gal activity. From a total of 300 000 cDNAs one potential interactor was found. The high background of colonies on the kHis plates complicated the analysis. For this reason a different yeast strain (PJ69-4A) was used in subsequent screens. In this strain adenine prototrophic growth and β-Gal activity are reporters for protein interaction. The ADE2 gene of the yeast strain is under the control of the LAC2 promoter, which has been reported to display excellent sensitivity and extremely low background (James et al., 1996) . The results of several screens in PJ69-4A with the different baits are summarized in Fig. 1(B) . 60KC yielded 22 potential interactors out of the 8 million cDNAs that were screened in total. The central part of 60K, ∆60K, excluding the membrane-binding domains, generated 24 possible interactors out of 4 million screened cDNAs. However, the full-length construct of 60K yielded no interactors after screening 30 million cDNAs, which is ten times the number of independent clones present in the Arabidopsis library. Also, no interactors were obtained with 60KN and VPg.
The 47 candidate plasmids picked up with 60KC and ∆60K were rescued and characterized by DNA sequencing of the junction between the coding region of the GAL4 activation domain and the cDNA. Surprisingly, 38 of the potential interactors were found with the cDNA inserted in the reverse orientation, or in a different reading frame with regard to the activation domain. These clones were considered false positives and were excluded from further analysis. The remaining positives were retransformed in PJ69-4A with the corresponding bait plasmid used in the initial screen and tested for growth on medium lacking adenine to confirm the interaction. Three clones were not able to support growth in this retransformed yeast and one clone supported growth even in the absence of the bait plasmid ; these clones were discarded also. After this selection five interactors remained that were all initially picked up with 60KC. Cotransformation of these clones with either the empty bait vector or a bait vector encoding the Arabidopsis Ran protein (Haizel et al., 1997) , a small soluble GTP-binding protein unrelated to 60K, did not result in a positive two-hybrid interaction demonstrating that the five clones interacted specifically with 60KC.
Sequence analysis of the 60K interacting proteins
The open reading frames encoded by the cDNA present in the five clones were compared to amino acid sequences deposited in the non-redundant database at NCBI using the p algorithm. Two clones (designated γ-TIP) were identical to the full-length sequence of a γ-tonoplast intrinsic protein, which is induced under salt stress [accession no. AAB62692 ; Arabidopsis gene At3g26520 (Pih et al., 1999) ]. γ-TIP is an abundant protein localized in the vacuolar membrane of plant cells and is a member of the aquaporin family (Maurel et al., 1993) . These proteins allow passive diffusion of water molecules across different cellular membranes (Sansom & Law, 2001) .
The third clone encoded a full-length protein of 240 amino acids, which showed 68 % identity to NpVAP27 isolated from Nicotiana plumbaginifolia (AC : JC7234) and was therefore designated VAP27-1. NpVAP27 was reported to be a VAP protein on the basis of amino acid sequence and structural homology (Laurent et al., 2000) . VAP was first identified in Aplysia californica as a member of the SNARE complex involved in vesicular docking and neurotransmitter exocytosis in nervous cells (Skehel et al., 1995) . The architecture of VAP proteins identified in different species is similar, with a highly conserved N-terminal region and a less conserved C-terminal region containing a transmembrane domain and a coiled-coil region. In plants, NpVAP27 is the only characterized VAP protein although a p search using the Arabidopsis database at The Arabidopsis Information Resource (TAIR ; http :\\ www.arabidopsis.org) revealed that VAP27-1 was identical to a putative protein (CAB82664 ; At3g60600) predicted from the genomic sequence. In addition, six putative proteins were present in the Arabidopsis database that are highly homologous (E value 10e −$! ) to VAP27-1.
The fourth clone encoded a protein of 121 amino acids with 16 % and 17 % identity to the C-terminal part of NpVAP27 and VAP27-1 respectively. Furthermore, it contained a coiled-coil as predicted by the COILS algorithm and a predicted transmembrane domain. These results suggest that this clone encodes the C-terminal part of an Arabidopsis VAP protein distinct from VAP27-1 and it was therefore named ∆VAP27-2. Comparison of ∆VAP27-2 with proteins in the Arabidopsis database revealed that it showed a perfect match over a stretch of 59 amino acids with a hypothetical protein (T00738 ; At1g08820). Because this hypothetical protein had almost twice the length of VAP proteins identified in different species and only 59 amino acids matched the translation product of our ∆VAP27-2 cDNA, it is likely that the hypothetical protein has been incorrectly predicted from the Arabidopsis genomic sequence.
The last clone was identical to the C-terminal 223 amino acids of a thylakoid-bound ascorbate peroxidase and was designated ∆thAPX. The full-length protein is 426 amino acids long and contains an N-terminal signal sequence of 48 amino acids to target the protein to the stromal site of the thylakoid membrane (CAA67426 ; At1g77490) (Jespersen et al., 1997) . Ascorbate peroxidases are haem proteins that efficiently scavenge H # O # in the cytosol and chloroplasts of plants. They protect the cells from the deleterious effects of H # O # generated as a byproduct during photosynthesis and respiration (Smirnoff, 2000) .
Although none of the candidates picked up in a screen using ∆60K, comprising of the central domain of 60K, could be confirmed to bind 60K upon retransformation, the sequence data of one (designated ∆eEF1-β), tempted us to use the clone for further analysis. It encoded the last 33 aminoacids of eukaryotic elongation factor 1β [P48006 ; At1g30230 (Gidekel et al., 1996) ]. Translation elongation factors have been shown to be components of the replication complex of several positive-stranded RNA viruses including phage Qβ, vesicular stomatitis virus and poliovirus (Blumenthal, 1980 ; Das et al., 1998 ; Harris et al., 1994) . The potential association of the III Host proteins interacting with CPMV 60K Host proteins interacting with CPMV 60K Fig. 3 . Subcellular localization of the interactor proteins fused to GFP or the HA epitope tag transiently expressed in cowpea protoplast infected with CPMV (A and C) or in uninfected protoplasts (B). The interactor proteins (green) were visualized using immunofluorescence staining with anti-HA antibodies (A) or using the direct fluorescence of GFP (B and C). 60K (red) was immunostained in CPMV-infected protoplasts using anti-VPg serum and localized to a large shapeless body in the cytoplasm. HA-tagged γ-TIP was present exclusively in the vacuolar membrane (A). In uninfected cells, GFP-VAP27-1 was present in ERtubules (B ; left panel) or in some cases in highly fluorescent vesicles (B ; middle panel). In CPMV-infected cells, HA-tagged VAP27-1, ∆VAP27-2 (A) and GFP-VAP27-1 (C ; first row) were present in ER tubules colocalizing with 60K. The highly fluorescent vesicles observed sometimes with GFP-VAP27-1 did not colocalize with the 60K (C ; second row). GFP-eEF1-β fluorescence was present in a diffuse pattern in the cytoplasm and nucleus of uninfected cells (B). In infected cells, GFP-eEF1-β was additionally present in the cytopathic structure (C). Unfused GFP displayed a similar localization pattern (C). Bar, 10 µm.
CPMV 60K protein with eEF-1β might indicate that this cellular protein is an integral part of the CPMV replicase complex.
Quantification of the interactions in the yeast twohybrid system
To quantify the interaction of the four different clones picked up with the C-terminal region of 60K, the clones were transformed in SFY525 together with the bait plasmid. SFY525 contains the lacZ gene with a GAL1 promoter sequence as a reporter gene. As a positive control in the liquid β-Gal assay, Ran and its binding protein, RanBP, were used. These proteins interact readily in the yeast two-hybrid system as shown previously (Haizel et al., 1997) . The empty vector was used a negative control. Fig. 2 shows the result of the liquid β-Gal assay. The clones all gave values higher than the empty vector confirming that the clones were able to interact in the yeast two-hybrid system. ∆ThAPX and ∆VAP27-2 interacted strongly giving values 5 and 35 times higher than the RAN-RANBP interaction respectively. The values of VAP27-1 and γ-TIP were in the same order as RAN-RANBP.
Subcellular localization of transiently expressed interactors and 60K in CPMV-infected protoplasts
To test whether the five most promising interactors described above have the ability to colocalize with the 60K protein in CPMV-infected protoplasts, the cDNAs were introduced in pMONHA, a transient expression vector. The resulting constructs express the interactor proteins with the HA epitope tag fused to the N terminus, facilitating immunological detection. Using mouse antibodies recognizing the HA eptitope, the intracellular localization of the transiently expressed interactors was observed by confocal laser scanning microscopy in uninfected cells or in CPMV-infected cells 40 h IIJ post-transfection (p.t.) and compared to the localization of the 60K protein visualized using anti-VPg antibodies raised in rabbit. Additionally, for some of the interactors, constructs were made in which GFP was fused to the N terminus. The GFP fluorescence was retained during fixation of the protoplasts allowing dual localization of the interactors with 60K in infected cells.
Since in CPMV-infected cells intermediate cleavage products accumulate, the anti-VPg antibody recognizes 60K but also the 84K (60Kj24K) and 170K (60Kj24Kj87K) precursors and 112K (VPgj24Kj87K). It has been reported earlier that 60K, like the other CPMV nonstructural proteins, accumulates in a large amorphous body in the cytoplasm often near the nucleus (Peters et al., 1994 ; Wellink et al., 1988) . This body corresponds to the cytopathic structure consisting of electron-dense material and small membranous vesicles.
As was expected from the sequence data, HA-tagged γ-TIP accumulated in the tonoplast membrane in uninfected protoplasts (data not shown). Also in CPMV-infected protoplasts, the γ-TIP was localized exclusively in the vacuolar membrane (Fig. 3A green) and showed no co-localization with the 60K protein (Fig. 3A red) . The lack of colocalization shows that no detectable portion of γ-TIP is able to bind to 60K in CPMVinfected cells and suggests that the interaction in the twohybrid system may be physiologically irrelevant.
In the absence of CPMV infection, VAP27-1 and ∆VAP27-2 localized in a typical reticular network as was observed in live protoplasts using the GFP fusion constructs (Fig. 3B and data not shown). This suggested that at least part of the expressed protein was present in the ER membrane, which is in agreement with the reported localization of VAP proteins in mammalian and yeast cells (Kagiwada et al., 1998 ; Skehel et al., 2000 ; Weir et al., 2001) . In some cells VAP27-1 and ∆VAP27-2 also localized in several highly fluorescent vesicles of unknown identity (Fig. 3B and data not shown) . In CPMV-infected cells, the localization of VAP27-1 and ∆VAP27-2 was different and the protein was present in a condensed cytoplasmic region as was observed in live protoplasts using the GFP constructs (data not shown) but also in fixed cells transfected with either the HA-tagged VAP27-1 and ∆VAP27-2 or the GFP fusions (Fig. 3A, C) . Staining with anti-VPg revealed that this region corresponded to the cytopathic structure (Fig. 3A, C) . On closer inspection, VAP27-1 and ∆VAP27-2 appeared to surround and traverse the cytopathic structure. The highly fluorescent vesicles observed with the GFP fusion constructs did not colocalize with 60K in CPMV-infected protoplasts (Fig. 3C) .
Using immunofluorescence, the HA-tagged ∆thAPX was not detected in transfected cowpea protoplasts. Since ∆thAPX encodes a partial protein, which may be less stable than the fulllength protein, the entire coding sequence of thAPX was PCRamplified from an Arabidopsis cDNA library. In contrast to the constructs used for the other interactors, the HA tag and GFP were fused to the C terminus of thAPX and not the N terminus, Fig. 4 . Immunoblot analysis of HA-tagged interactor proteins transiently expressed in cowpea protoplasts. Protoplast lysates were prepared 40 h p.t., and the proteins were electrophoresed in 10 % polyacrylamide gels. Detection of the proteins was with mouse monoclonal HA antibodies. Water : no DNA added. Positions of molecular size markers (in kDa) are indicated.
because the full-length protein encodes a predicted N-terminal cleavable signal. Nevertheless, thAPX was not detected in protoplasts transfected with these constructs. Currently we have no explanation for these results.
HA-tagged ∆eEF1-β, which contains the C-terminal 33 amino acids of eEF1-β, was not detected, probably due to its small size (7 kDa) but the full-length protein was distributed diffusely in the cytoplasm and the nucleus of non-infected protoplasts as was observed in live protoplasts with the GFP fusion product (Fig. 3B) and in fixed cells with HA-tagged eEF1-β (data not shown). In CPMV-infected cells, the GFP fusion of eEF1-β was present in the cytoplasm and nucleus but also in the cytopathic structure stained with anti-VPg (Fig. 3C) , which indicates that eEF1-β can bind to 60K. To test whether other soluble, cytoplasmic proteins accumulate in the cytopathic structure, pMON-GFP was transfected together with CPMV RNA. As is apparent from Fig. 3(C) free GFP is also present in the cytopathic structure. This indicates that soluble proteins in general tend to accumulate in the cytopathic structure and that the presence of GFP-eEF1-β in the cytopathic structure is not necessarily due to association with the 60K protein.
Western Blot analysis of extracts of protoplasts transfected with the different HA-tagged host proteins showed proper expression of γ-TIP, VAP27-1, ∆VAP27-2 and eEF1-β whereas ∆thAPX, thAPX and ∆eEF1-β were not detected (Fig. 4 , γ-TIP, thAPX and eEF1-β : data not shown). In the ∆VAP27-2 lane two prominent bands near the predicted length of 17 kDa were present and a prominent band approximately twice the size of ∆VAP27-2. The fastest migrating band might be a degradation product while the slower migrating band may be a dimer. Additionally, a third rather faint band is present at triple the size of ∆VAP27-2, suggesting that a small proportion of ∆VAP27-2 can form trimers. Expression of HA-tagged VAP27-1 was somewhat lower than ∆VAP27-2 but a clear band was present running at the expected length of 33 kDa. The presence of a 66 kDa endogenous cowpea protein interacting with the HA antibody prevented us from determining whether VAP27-1 also forms a dimer but at approximately 100 kDa a faint band was present, suggesting that a trimer was formed.
Discussion
The CPMV 60K protein was used as bait in a yeast twohybrid screen to identify interacting proteins encoded by a cDNA library derived from Arabidopsis thaliana. Four host proteins were found that interacted specifically with the Cterminal half of 60K. Based on amino acid sequence comparisons with (predicted) proteins deposited in the sequence database, these proteins could be identified as a γ-TIP aquaporin, a thylakoid-bound peroxidase and two VAP proteins, all of which were predicted to be membrane associated. This is in line with the proposed role of 60K in inducing intracellular membrane rearrangements. A screen with the central domain yielded 24 putative interactors but only one clone contained cDNA in the proper reading frame compared to the activation domain. Although this clone did not interact upon retransformation it was further analysed since it contained cDNA encoding the translation elongation factor eEF1-β, which has been shown to be a component of the replication complex of several positive-stranded RNA viruses including phage Qβ, vesicular stomatitis virus and poliovirus (Blumenthal, 1980 ; Das et al., 1998 ; Harris et al., 1994) . Screening of the Arabidopsis cDNA library with the full-length 60K yielded no interactors despite several attempts. It has been reported earlier in experiments using well-defined protein combinations that in the yeast two-hybrid system full-length proteins sometimes do not interact whereas smaller domains of these proteins do give interaction (Fields & Sternglanz, 1994) .
Even though several host proteins were found that specifically interacted with different domains of 60K in the yeast two-hybrid system it is conceivable that they are not physiologically relevant in the context of CPMV infection because they will never actually meet in a cell. We have used localization studies of transiently expressed 60K interactors in CPMV-infected protoplasts as a first step to differentiate between true interactors and physiologically irrelevant ones. CPMV replication is compartmentalized and occurs in a cytopathic structure consisting of small, probably ER-derived vesicles and electron-dense material that contains the majority of the nonstructural proteins, including 60K (Carette et al., 2000 ; De Zoeten et al., 1974 ; Wellink et al., 1988) . Only the VAP proteins and eEF1-β were shown to colocalize with the cytopathic structure, suggesting that these proteins have the opportunity to interact with 60K during CPMV infection. The VAP proteins localized in ER membranes, including the proliferated ER membranes that surround and traverse the cytopathic structure in CPMV-infected cells. GFP-eEF1-β behaved as a soluble, cytoplasmic protein and was found to be present in the cytopathic structure. Unfused GFP, however, displayed a similar localization pattern, which may suggest that cytoplasmic proteins in general are present in the cytopathic structure. Despite this, on the basis of the localization studies eEF1-β cannot be ruled out as a true interactor with 60K and additional experiments are required to demonstrate a functional role of eEF1-β in the virus life-cycle. γ-TIP localized in the vacuolar membrane in non-infected protoplasts and was not relocated to the site of CPMV replication in infected protoplasts. Therefore it is unlikely that this protein is involved in CPMV replication. thAPX is predicted to localize in the thylakoid membrane of chloroplasts but we were unable to determine the localization of the protein in CPMV-infected cells since it was not expressed to detectable levels in cowpea protoplasts. Additional experiments are required to determine the significance of the interaction of 60K with thAPX in the two-hybrid system. It should be noted, however, that redox control proteins are frequently found as false positives in the yeast two-hybrid system (Serebriiskii et al., 2000) .
The localization of transiently expressed eEF1-β in protoplasts diffusely distributed in the cytoplasm was somewhat surprising. Subcellular localization studies of components of eEF1 in Xenopus and human cells revealed that endogenous eEF1-β is present in a complex with eEF1-γ and eEF1-δ in association with ER whereas eEF1-α is present in higher amounts and is distributed diffusely over the cytoplasm (Minella et al., 1996 ; Sanders et al., 1996) . In our transient expression system, the eEF1-β subunit may be expressed to such a high level that only a small part forms ER-associated complexes with endogenous eEF1-β whereas most is present freely in the cytoplasm.
The two Arabidopsis VAP proteins that we have identified as interactors with 60K are homologous to Alypsia VAP33, which was originally identified in a yeast two-hybrid screen with the SNARE protein VAMP (Skehel et al., 1995) . VAP33 has been proposed to be a SNARE-like protein that functions in a complex with VAMP in the fusion of synaptic vesicles with the plasma membrane (Skehel et al., 1995) . Characterization of mammalian and yeast homologues of VAP33 has suggested a more general role in vesicle trafficking because VAP proteins are expressed in many different tissues and localize mainly to ER membranes and to microtubules (Kagiwada et al., 1998 ; Skehel et al., 2000 ; Weir et al., 2001) . Although the Arabidopsis genome contains a large number of SNARE proteins, for many of which the intracellular localization has been determined [reviewed in Sanderfoot et al. (2000) ], this is the first report of a SNARE-like protein that localizes to the ER membrane, which may suggest that VAP27-1 and VAP27-2 play an important role in vesicular transport to or from the ER.
IJB
The occurrence of multimers of VAP27-1 and ∆VAP27-2 in protoplasts is consistent with the finding that SNARE and SNARE-like proteins interact strongly either with themselves or with other SNARE proteins, usually via the C-terminal coiled-coil region and transmembrane region (Weir et al., 2001 ; Laage et al., 2000 ; Burkhard et al., 2001) . These regions may also be involved in the interaction with the 60K region.
It has been reported that human VAP binds promiscuously to many members of the SNARE family, including VAMP, syntaxin 1A, rbet1, rsec22, alphaSNAP and NSF (Weir et al., 1998 (Weir et al., , 2001 . Using the two-hybrid system, VAP was also found to interact with proteins that are not related to SNARE proteins, including the gene product of cf9 which confers resistance to a pathogenic fungus in tomato plants (Laurent et al., 2000) and occludin, a transmembrane protein located at tight junctions between human epithelial and endothelial cells (Lapierre et al., 1999) . The role of VAP in these systems is unclear. Recently, VAP was shown in a two-hybrid screen to interact with the hepatitis C virus (HCV) nonstructural proteins NS5A and the viral polymerase (Tu et al., 1999) . For most positive-stranded RNA viruses, including HCV and CPMV, replication occurs closely associated with intracellular membranes. VAP may act as a membrane anchor for the virus replication complex. Alternatively, since 60K was shown to induce dramatic vesiculation of membranes probably derived from the ER, it is tempting to speculate that this vesiculation is mediated by interference of 60K with VAP function.
